Cyclin D1 is frequently overexpressed in human neoplasias by gene rearrangement and amplification, but no mutations in the CCND1 gene have so far been reported. However, in vitro mutagenesis of CCND1 has shown that substitutions affecting threonine 286 residue produced cyclin D1 nuclear accumulation, by interfering with protein degradation and induced neoplastic transformation in murine fibroblasts. To test whether similar genetic changes may occur in vivo, we analysed a series of 60 endometrioid endometrial carcinomas (EECs) for cyclin D1 expression and gene amplification by immunohistochemistry and FISH, respectively. Two of 17 carcinomas showing cyclin D1 expression in more than 5% of neoplastic cells, but without gene amplification, were found to harbor single-base substitutions in CCND1 that changed proline 287 into threonine and serine, respectively. Both cases expressed cyclin D1 in more than 50% of neoplastic cells. Additionally, seven tumors with cyclin D1 overexpression of an independent series of 59 EECs were also analysed, and a 12-bp in-frame deletion that eliminated amino acids 289-292 was detected in one case with cylin D1 expression in more than 50% of neoplastic cells. In contrast, no mutations of the CCND1 gene were detected in a set of breast carcinomas with cyclin D1 overexpression without gene amplification. In summary, our data indicate that mutations of CCND1, which probably render the protein insensitive to degradation, represent a previously unreported mechanism of cyclin D1 overexpression in human tumors in vivo.
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Cyclin D1 acts as an oncogene in different human neoplasias when overexpressed (Weinstat-Saslow et al., 1995; Sherr et al., 1997; Steeg and Zhou, 1998) . To date, no CCND1 mutations have been reported, but cyclin D1 overexpression may be the result of CCND1 rearrangement or amplification. For example, mantle cell lymphoma is characterized by 11q13 translocation and CCND1 rearrangement (Campo et al., 1999) . CCND1 amplifications have been reported in several human neoplasias, such as in situ and infiltrating ductal breast carcinoma, and in bladder, head and neck, lung and prostate cancer (Simpson et al., 1997; Schraml et al., 1999; Hoechtlen-Vollmar et al., 2000; Kaltz-Wittmer et al., 2000) . In addition, cyclin D1 overexpression without gene amplification occurs, for instance, in most colorectal and 15% of breast carcinomas overexpressing cyclin D1 (Russell et al., 1999) . Defective degradation of cyclin D1 has been proposed as a mechanism of protein overexpression in some of these cases, although specific alterations in the degradation machinery have not been found in vivo. However, in vitro studies have shown that threonine 286 mutations render the protein insensitive to degradation, and that this cyclin D1 mutant induces transformation in murine fibroblasts (Alt et al., 2000) .
Endometrial carcinoma (EC) is the most common invasive malignancy of the female genital tract in most Western countries. Cyclin D1 overexpression has been reported in ECs (Nikaido et al., 1996; Schmitz et al., 2000; Soslow et al., 2000; Tsuda et al., 2000; Cao et al., 2002; Quddus et al., 2002; Machin et al., 2002) , but the underlying molecular abnormalities remain to be identified. Taking into account the in vitro evidence that substitution at threonine 286 is oncogenic, we have analysed the 3 0 -end coding sequence of the CCND1 gene in order to establish whether alteration of this sequence occurs in ECs, a tumor in which CCND1 amplification seems to be absent or infrequent (Schraml et al., 1999) . In addition, a series of breast carcinomas, a tumor in which CCND1 amplification is common, was also evaluated for this possible alteration.
To carry out this study, we used 60 endometrioid ECS. All tumors were diagnosed in the Pathology Department of La Paz Hospital, Madrid, Spain. Some clinical and molecular features of this series have been previously reported (Moreno-Bueno et al., 2002) . Mean age at diagnosis was 62.47712.04 years (range 31-89). The series included 29 grade 1, 20 grade 2 and 11 grade 3 tumors. Tumor stage was recorded in 59 tumors: 45 were in stage I, seven in stage II and seven in stage III/ IV at diagnosis. The tumors were fixed in 10% formalin and embedded in paraffin. All immunohistochemical, FISH and molecular analyses were carried out on paraffin-embedded samples.
Cyclin D1 expression was evaluated by immunohistochemistry using the mouse anti-human cyclin D1 antibody (DCS-6 clone, DAKO, Glostrup, Denmark), which was applied at 1 : 100 dilution, after a heatinduced antigen retrieval step. Immunodetection was performed using biotinylated anti-mouse immunoglobulins and peroxidase-labeled streptavidin (LSAB-DAKO) with diaminobenzidine as the chromogen. In negative controls, the primary antibody was omitted or replaced with an irrelevant antibody. Nuclear cyclin D1 expression was graded from 1 to 3 (1 ¼ fewer than 5%, 2 ¼ 5-25%, 3 ¼ more than 25% of stained tumor nuclei). Cyclin D1 expression in 0-5%, 6-25% and more than 25% of neoplastic cells was observed in 43 (71.7%), 8 (13.3%) and nine (15%) tumors, respectively. There was a statistically significant relationship between cyclin D1 expression and tumor grade (P ¼ 0.03), whereby cyclin D1 overexpression (cyclin D1 expression in more than 25% of neoplastic cells) was observed in 36.3% of grade 3 carcinomas, but only in 13 and 5% of grade 1 and 2 carcinomas, respectively. No statistical association was observed between cyclin D1 expression and tumor stage.
We analysed CCND1 gene amplification in 30 EECs: the 17 cases with cyclin D1 expression in more than 5% of cells and 13 additional cases with cyclin D1 expression in fewer than 5% of cells. FISH analysis was performed using Spectrum Orange-labelled CCND1 probe, with the FITC-labelled centromeric chromosome 11 probe as an internal control (Vysis, Downer's Grove, IL, USA). Amplification was defined as the presence (in X5% of tumor cells) of either >10 gene signals or more than three times as many gene signals than centromere signals of the chromosome (Schraml et al., 1999) . Only one EEC, which expressed cyclin D1 in more than 25% of cell nuclei, showed gene amplification. In addition, another carcinoma with 6-25% cyclin D1-stained cells showed four CCND1 gene copies with only two signals of the centromeric probe. Although this is the first report of CCND1 amplification in endometrial cancer, our results indicate a low frequency of this alteration in the endometrioid histotype.
To study CCDN1 mutations, we designed two primers to amplify the sequence comprising the region between nucleotides 990 and 1133 of the CCND1 gene (GenBank Nucleotide Sequence Database Accession number NM_053056): 5 0 CAGGCCCAGCAGAACAT 3 0 and 5 0 CTGCGGGTGGCGGTG 3 0 in forward and reverse directions, respectively. The amplicon includes threonine 286, the amino-acid target for phosphorylation by GSK3-b, which is required for cyclin D1 ubiquitination (Diehl et al., 1997; Germain et al., 2000) . Formalin-fixed paraffin-embedded blocks from 50 endometrial carcinomas (including all cases expressing cyclin D1 in more than 5% of tumor cells) and corresponding normal tissue (myometrium) were cut at 10 mm and reviewed microscopically. When necessary, tumor tissue was manually microdissected from areas with 475% of tumor cells. DNA was extracted from these samples and PCR amplification was performed with 300 nm of each oligonucleotide, 200 mm deoxinucleotide triphosphate, 0.25 U of Taq polymerase (Biotools B&M Labs, Madrid, Spain) and 50-100 ng DNA in a 20 ml volume. The PCR conditions were 951C for 5 min followed by 35 cycles (denaturation: 951C for 30 s, annealing: 651C for 15 s and extension: 721C for 30 s), and a final elongation cycle at 701C for 10 min. Amplified PCR products were denatured and subjected to single-strand conformational polymorphism (SSCP) analysis using 30-40% MDE. Cases exhibiting mobility shifts were submitted to direct sequencing (tumors T47 and T76). In addittion, in tumor T38, the abnormal band was excised from SSCP gel and, after reamplification and purification, was sequenced in both strands. All mutated cases were verified by repeating three times the above-described procedure.
We found that two EECs with cyclin D1 expression in more than 50% of the cells had single-base substitutions affecting codon 287, one CCC to ACC and one CCC to TCC change leading to a change from proline to threonine and serine, respectively (Figure 1 ). Since the percentage of mutation was low, all cases were subjected to heteroduplex analysis by conformation-sensitive gel electrophoresis (CSGE), in order to confirm these results. Amplified samples were held at 951C for 5 min and at 651C for 1 h to generate heteroduplexes. The products were diluted 1 : 2 in sucrose buffer and loaded in a partially denaturing MDE gel at constant 7 W power. Gels were silver stained and dried on a vacuum gel dryer. Only tumors T47 and T76 showed heteroduplexes formation.
In order to assess the sensitivity of these techniques to detect CCND1 mutations, the DNA from the two mutated cases, extracted from manually microdissected tumor cells (purity about 90%), was diluted 1 : 5, 1 : 10, 1 : 15 and 1 : 20 with DNA from normal tissue. We detected abnormal shifts by SSCP in samples diluted 1 : 5, and heteroduplex formation by CSGE in 1 : 10 dilutions, indicating detection of at least 5% of mutated alleles in a mixed sample by this last technique.
To determine whether similar CCND1 mutations occurred in one independent series of EECs, we analysed seven tumors with cyclin D1 expression in more than 25% of the cells of a previously reported series of 59 EECs (Machin et al., 2002) . One tumor with more than 50% of cyclin D1-expressing cells had a 12-bp in-frame deletion that eliminates amino acids 289-292 (Figure 1) .
The mutations described here seem to be important for different reasons. First, they were tumor-specific, given that they were found only in the tumor samples but not in the corresponding normal tissues in independent DNA extractions and PCR amplifications. Second, they were found in samples with extensive nuclear cyclin D1 overexpression in which other molecular alterations responsible for cyclin D1 overexpression were excluded. Thus, none of the cases had CCND1 gene amplification or b-catenin mutations (Machin et al., 2002; MorenoBueno et al., 2002) , and only one case showed p53 expression in about 15% of neoplastic cells. Third, these in vivo genetic alterations fit well with previous experimental studies that showed the importance of threonine 286 in the degradation of cyclin D1. Diehl et al. (1997) demonstrated that cyclin D1 turnover is governed by ubiquitination and proteasomal degradation, which are positively regulated by cyclin D1 phosphorylation of threonine 286. Although CDK4-bound cyclin D1 molecules are intrinsically unstable (half-life o 30 min), a cyclin D1 mutant (T286A) containing an alanine for threonine 286 substitution failed to be efficiently polyubiquitinated, and was markedly stabilized (half-life approximately 3.5 h) when inducibly expressed (Diehl et al., 1997) . These authors also demonstrated that GSK-3b phosphorylates cyclin D1 specifically at threonine 286, thereby triggering rapid cyclin D1 turnover, while the cyclin D1 mutant T286A was refractory to phosphorylation by GSK-3 and remained in the nucleus throughout the cell cycle (Diehl et al., 1998) . Recently, it has been observed that GSK3b-dependent phosphorylation promotes cyclin D1 nuclear export by facilitating the association of cyclin Conformation-sensitive gel electrophoresis analysis of endometrial carcinomas. In T47 heteroduplex formation was detected, indicating the presence of a mutation in the tumor DNA. The mutation was still detected after 1 : 5 and 1 : 10 dilution of the tumor DNA with normal tissue DNA. Tumors T21, T18, T54 and T62 show a wild-type pattern. (c) T47 shows a single-base substitution in codon 287 changing proline to threonine, compared with the wild-type sequence (WT). Single-base substitution in tumur 76 (T76) changes proline to serine. In-frame deletion of 12 nucleotides eliminates amino acids 289-293 (T38) D1 with the nuclear-exporting CRM1 (Alt et al., 2000) . Cyclin D1 mutant T286A remains in the nucleus throughout the cell cycle due to its reduced binding to CRM1. In addition, constitutive overexpression of the nuclear cyclin D1-T286A in murine fibroblasts results in cellular transformation and promotes tumor growth in immune-compromised mice (Alt et al., 2000) . In contrast, overexpression of wild-type cyclin D1 is not sufficient to promote neoplastic growth without cooperating additional mutations.
Mutations in proline 287, as observed in present study, would have the same effects as those described in vitro for threonine 286 mutations since GSK-3b is a proline-directed enzyme that requires proline 287 for its proper function (Diehl et al., 1997) . The absence of three residues close to threonine 286 and proline 287, as observed in an additional case, probably caused important conformational changes that would impact on enzyme function. The situation described here for cyclin D1 is similar to that observed in b-catenin, which bears mutations in amino-acid targets for GSK-3b phosphorylation or adjacent residues. These mutations produce accumulation of b-catenin by impaired ubiquitination and subsequent degradation (Morin et al., 1997) .
To evaluate whether or not similar CCND1 mutations also occur in other tumor types, we analysed a group of breast cancer. Cyclin D1 overexpression and CCND1 amplification have been reported in about 30 and 20% of breast cancer, respectively. We constructed a tissue microarray (TMA) containing 190 cores from 95 breast carcinomas. Cyclin D1 expression and CCND1 amplification were assessed by immunohistochemistry and FISH on TMA sections. TMA FISH analysis yielded valuable information in 80% of cases (77 out of 96 tumors), and CCND1 amplification was observed in 15 (19.5%) tumors. These values are similar to those from previous studies in breast cancer using TMA (Schraml et al., 1999) . CNND1 mutations were screened in 30 tumors included in the TMA that had more than 5% of cyclin D1-expressing cells (including 15 cases with more than 25% of positive cells) without gene amplification. However, we did not find any mutations in these tumors. These results could suggest that CCND1 mutations may be less frequent in those tumor types in which gene amplification is a common source of protein overexpression.
In summary, this study provides the first evidence of a previously unreported mechanism of cyclin D1 overexpression in human tumors in vivo: CCND1 mutations affecting critical residues involved in protein degradation. Further studies are needed to assess the frequency of this alteration in other tumor types, mainly in those human neoplasias in which genetic alterations of the CCND1 gene are infrequent.
